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Abstract 
In this study, we developed Pd nanoparticles-based catalysts supported on 
composites formed by multi-walled carbon nanotubes (MWCNTs) and graphitic carbon 
nitride (g-C3N4) in various proportions, for their use in the dehydrogenation of formic 
acid in the liquid phase. It was observed that the composition of the support determined 
the average size of the Pd nanoparticles as well as their electronic properties, which 
ultimately affected the performance of Pd/MWCNT-C3N4 catalysts. Among assessed, 
the catalyst with 63 wt.% of C3N4 exhibited the best activity, with an initial TOF value 
of 4258 h
-1
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The ever-increasing demand for energy together with fossil fuel depletion and the 
environmental issues derived from their use is fostering the search for alternative energy 
sources. Among the alternatives to fossil fuels, the use of hydrogen (H2) is undoubtedly 
one of the most interesting solutions towards the development of a carbon-free-based 
energy system. Although H2 does not exist naturally on Earth, it can be produced from 
both non-renewable energy sources (i.e. coal, oil, and natural gas) and renewable energy 
sources, such as solar, wind, and biomass energy, thus overcoming the limitation of 
other energy sources which are subjected to fluctuations and temporal and geographical 
unequal distributions.  
Hydrogen has a gravimetric energy content of 143 MJ kg
-1
, which is three times 
larger than liquid hydrocarbon-based fuels. However, its very low density in the 
gaseous state (0.08988 g/L at 1 atm), and the high energy consumption of the 
liquefaction process required for its storage, are major drawbacks for its use as a fuel 
[1]. Then, finding alternative ways to store hydrogen is crucial to fully deploy the so-
called hydrogen economy. Among the options investigated, chemical hydrogen storage 
offers very interesting possibilities. Numerous hydrogen carrier molecules are being 











of H2 from liquid organic hydrogen carriers (LOHC) has received a tremendous 
promise, since they enable safe and efficient high-density hydrogen storage in an easy-
to-handle way, hence eliminating the need for pressurized tanks for storage and 
transportation [3,4].  
LOHCs exist as liquids or low melting point solids under ambient storage conditions. 
They have a pair of hydrogen-lean and hydrogen-rich molecules [5]. Hydrogen is stored 
via catalytic hydrogenation of the hydrogen-lean molecules and released by catalytic 
dehydrogenation reaction of the hydrogen-rich counterpart [6,7].  
Several LOHCs have been explored [3,8–11] and, even though their application in 
the energy storage scenario is not as mature as other technologies, research works 
addressing the utilization of LOHCs started nearly four decades ago [6,11,12]. Among 
them, formic acid, the simplest carboxylic acid (HCOOH, FA) has drawn great attention 
in the last decade [13–23]. Its properties as an auspicious hydrogen carrier molecule 
have been highlighted in the recent literature [24–29]. FA has a relatively high content 
of hydrogen (4.4 wt. %), and it is a stable liquid at room pressure and temperature, it has 
low toxicity and flammability and can be achieved by the hydrogenation of CO2 
[30,31]. Its application within the sustainable energy scenario is backed up by the fact 
that FA can be produced from several biomass-derived feedstocks through hydrolysis, 
wet oxidation, and catalytic oxidation reactions [32,33].  
Catalytic dehydrogenation of FA to produce H2 has been attained by both 
homogeneous and heterogeneous catalysts and most of the recent efforts are being 
devoted to those heterogeneous catalysts constituted by metal nanoparticles (NPs) 
stabilized onto supports of diverse nature with functional groups surface modifications. 
Among them, Pd-based catalysts have given very interesting results 











since they attain excellent results derived from the stabilization of the metal active 
phase and the modification of the electronic properties of the metal NPs [2,35–37]. 
Also, nitrogen functional groups may actively participate in the dehydrogenation 
reaction by interacting with the molecules of FA thus increasing the local concentration 
of the reactant in the vicinity of the catalytic active sites [36,37]. The N-containing 
carbon supports used are prepared from in-situ doping methods or post-synthetic 
strategies [2], which frequently require several reaction steps or harsh experimental 
conditions. With this in mind, exploring the utilization of other N and C-rich-containing 
molecules is a promising alternative to those N-doped carbon materials. 
In this work, we developed Pd based catalysts supported on composites formed by 
multi-walled carbon nanotubes (MWCNTs) and graphitic carbon nitride (g-C3N4). The 
performance of Pd/MWCNT-C3N4 catalysts with various compositions of the support 
was assessed in the dehydrogenation of FA in the liquid phase. It was observed that the 
catalysts supported on MWCNT-C3N4 displayed very small and well-distributed Pd 
NPs, which was attributed to the abundant anchoring sites offered by the nitrogen 
groups of C3N4 that is wrapping the surface of the MWCNTs. The electronic properties 
of the Pd NPs also depended on the composition of the support. It was seen that, among 
investigated, Pd/MWCNT-C3N4(63) was the most promising catalyst, affording an 
initial TOF of 4258 h
-1
 calculated based on the surface Pd atoms.  
 
2. Experimental 
2.1 Synthesis of g-C3N4 
For the synthesis of g-C3N4, 5 g of dicyandiamide were placed in a covered alumina 
crucible and were heated up to 520 ºC for 4 h (with a heating rate of 5 ºC/min) under an 












2.2. Synthesis of MWCNT-C3N4 supports 
Multiwalled carbon nanotubes (from Nanoblack Columbian Chemicals Co (GA, 
USA)) were used for the preparation of MWCNTs-C3N4 supports. For that, a fixed 
amount of MWCNT (0.75 g) was dispersed in 20 mL of water by using an ultrasonic 
bath for 30 min. After that, an aqueous solution of the C3N4 precursor (i.e. 
dicyandiamide) was added to the MWCNTs dispersion, and the resulting mixture was 
heated at 100 ºC and was kept under stirring until complete solvent removal. Various 
concentrations of dicyandiamide were used to achieve supports with different 
compositions. Once the water was evaporated, the resulting solid was grinded smoothly 
to ensure a homogeneous blending. The resulting material was heat-treated at 520 ºC for 
4 h (heating rate of 5 ºC/min) under a nitrogen atmosphere to obtain C3N4 from its 
precursor. After that, the composite supports were grinded and collected. They were 
denoted as MWCNT-C3N4(x), being “x” the C3N4 wt. % determined from the nitrogen 
content obtained by elemental analysis (vide infra).  
 
2.3. Synthesis of Pd/MWCNT-C3N4 catalysts 
Pd-based catalysts were prepared by the standard impregnation method with 
Na2PdCl4 and subsequent reduction with NaBH4. 0.75 g of the MWCNT-C3N4(x) 
support were dispersed in 150 mL of water and the adequate amount of a solution of 
Na2PdCl4 was added to achieve a final Pd loading of 1 wt.%. The mixture was stirred 
for 1 h at room temperature and, after that, a fresh solution of NaBH4 (with a Pd/NaBH4 
molar ratio of 1/5) was added dropwise while stirring the solution. Then, it was stirred 
for 1 h more, and it was filtered, washed and dried overnight. Pd/MWCNT and Pd/C3N4 












2.4. Characterization of the materials 
The nitrogen content was determined by elemental analysis using a microanalyzer 
Thermo Finnigan Flash 1112. X-ray diffraction (XRD) patterns were registered in the 
2θ range of 10-80° using a Miniflex II Rigaku with Cu Kα radiation. Nitrogen 
adsorption-desorption isotherms were carried out at -196 °C using an automatic 
adsorption system (Micromeritics ASAP 2020 analyzer). The samples were outgassed at 
250 °C for 4 h to remove any possible adsorbed impurity. The apparent surface area 
(SBET) and total micropore volume (VDR N2) were calculated applying the Brunauer-
Emmett-Teller (BET) method and the Dubinin-Radushkevich (DR) equation, 
respectively. The total pore volume was calculated at a relative pressure of P/P0 = 0.95 
[40]. Pd loading was determined by Inductively Coupled Plasma-Optical Emission 
Spectroscopy (ICP-OES) with a Perkin-Elmer Optima 4300 system. The morphology of 
the samples was observed by Transmission Electron Microscopy (TEM). The average 
NP size was determined from representative micrographs registered by TEM after 
measuring ~ 100 particles with the ImageJ software.  
X-ray photoelectron spectroscopy (XPS) analysis was conducted in a VG-Microtech 
Multilab 3000 spectrometer equipped with a semispherical electron analyzer and a Mg 
Kα (hν=1253.6 eV) 300 W X-ray source. The analysis chamber has a flood gun to avoid 
the charging effect. All the binding energies were referred to the C 1s line at 284.6 eV. 
C 1s, N 1s, and Pd 3d were analyzed. The different species of C, N and Pd were 
assigned from the deconvoluted spectra. A Shirley line was used to estimate the 













2.5. Catalytic tests 
The activity of the Pd/MWCNT-C3N4(x) catalysts in the dehydrogenation of formic 
acid was evaluated by following the gas evolution during 30 minutes of reaction at 75 
ºC. The tests were carried out with 0.15 g of catalyst and the reaction mixture, which 
consisted of an aqueous solution of formic acid and sodium formate with a molar ratio 
of 9 to 1 (final concentration of 1 M). The catalyst is placed in the reactor once 75 ºC 
have been reached, so the temperature is fixed along the reaction course. The gas 
evolution was followed using a burette system. The set-up consists of a reactor (of 50 
mL), immersed in an oil bath to keep the reaction temperature (i.e. 75 ºC), which is 
connected to a cooling system and a graduated tube filled with water. Constant stirring 
of (~ 700 rpm) is kept by using a magnetic stirrer in the reactor. The starting time of the 
reaction is set when the solution of formic acid is incorporated into the reactor. 
Pd/MWCNT and Pd/C3N4 were also assessed as reference catalysts. TOF values (h
-1
) 
were calculated with the following equation: 
    (   )   
           (    )
         (    )       ( )
 
The produced H2 (mole) is the mole of H2 generated after 1 min of reaction, and Pd 
atoms are determined from the Pd content obtained by ICP-OES analysis. TOF values 
were also calculated considering only the surface Pd atoms, which were calculated from 
the TEM average NP size (dTEM) and Pd NP dispersion (DTEM) [37].   
 
3. Results 
The supports were characterized by elemental analysis to know their real 
composition. The nitrogen content (wt. %) determined and the content of C3N4 












Table 1. Composition of the supports determined by elemental analysis.  
Support wt. % N wt. % C3N4 
MWCNTs - - 
MWCNT-C3N4(16) 10.3 16.3 
MWCNT-C3N4(38) 23.7 37.6 
MWCNT-C3N4(46) 28.8 45.7 
MWCNT-C3N4(63) 39.8 63.1 
g-C3N4 63.0 - 
 
The structure of the MWCNT-C3N4 composites was checked by XRD. Figure 1 
contains the diffractograms of raw MWCNT and C3N4, together with the patterns 
achieved for the composite materials. The XRD pattern for the MWCNT contains the 
(002) and (100) peaks at 2θ = 25.6 and 42 degrees, respectively, related to the graphite-
like structure. The diffractogram of g-C3N4 has two diffraction peaks located at 2θ = 
27.5, ascribed to the reflection from the (002) planes corresponding to the typical 
interlayer stacking of this material, and 2θ = 13.0, ascribed to the planes in planar tris-s-
triazine structural packing motifs [38,39]. Interestingly, the XRD profiles for MWCNT-
C3N4(x) composites are very similar to that of pure MWCNT, even for the material with 
the highest g-C3N4 content. The results suggest that either very small and disperse 
domains of C3N4 are formed onto the surface of MWCNTs or that a low crystallinity (or 











Figure 1. XRD patterns of MWCNTs, g-C3N4, and MWCNT-C3N4 composites.  
 
Figure 2 shows the N2 adsorption-desorption isotherms of both pristine materials 
(MWCNT and g-C3N4) and their composites. Table 2 summarizes the most important 
porous texture data. The N2 isotherms for both pristine materials are typical of non-
porous solids in which the hysteresis observed is due to capillary condensation that 
occurs in the voids between particles [40]. The BET surface area obtained for the 
MWCNT is in agreement with typical values for carbon nanotubes [41]. The low 
surface area for the pristine g-C3N4 is also in agreement with the values found for this 
material in the literature and is a consequence of the strong layer stacking. Interestingly, 
the porosity data determined for the composite materials do not follow the mixtures law 
and are much lower than expected. For example, the composite with a g-C3N4 content of 




, which is a reduction of 
SBET value by almost half of the SBET
 
of MWCNTs. These results can be explained 
considering that g-C3N4 growth on the surface of the MWCNT (this is observed in TEM 
images, see Figure S1) can favor particle aggregation due to the strong layer-layer 












Figure 2. N2 adsorption-desorption isotherms at -196 ºC for MWCNT, g-C3N4, and 
their MWCNT-C3N4 composites. 
Table 2. Pore texture for the pristine supports and their composites. 















MWCNTs 260 0.10 0.70 
g-C3N4 6 - 0.02 
MWCNT-C3N4(16) 160 0.06 0.49 
MWCNT-C3N4(38) 70 0.03 0.22 
MWCNT-C3N4(46) 45 0.02 0.14 
MWCNT-C3N4(63) 20 0.01 0.04 
* Total pore volume (P/P0 = 0.95) 
 
Table 3 contains information about the characterization of the different studied 
catalysts. ICP results indicated that Pd was successfully loaded onto the supports and 
the actual metal content was very close to the nominal Pd loading (1 wt. %). The 
slightly lower metal loading achieved might be due to the washing and drying steps 
performed during the preparation of the samples. Table 3 also contains information 











The morphology of the catalysts can be seen in Figure 3, which contains 
representative micrographs of all samples together with the pertinent histograms with 
the NP size distributions. The calculated average NP size and dispersion are listed in 
Table 3. From Pd/MWCNT-C3N4 catalysts, it can be seen that the MWCNTs are 
wrapped with the C3N4, thus ensuring intimate contact between both components of the 
composites.  
It was observed that, despite the different average NPs size measured for catalysts 
with different compositions, all of them exhibited spherical and well-distributed NPs 
and significant aggregation of the NPs was not detected, even for those catalysts with 
lower external surface area, such as Pd/C3N4. That observation may be due to the 
important stabilizing effect of g-C3N4, which contains abundant nitrogen groups serving 
as the anchoring sites for the metal NPs [38,42,43]. The average NPs size determined in 
the catalysts strongly depended on the composition of the supports. The average NP size 
measured for the catalysts with pure MWCNTs and g-C3N4 was determined to be 4 ± 4, 
and 6 ± 2 nm, respectively, while smaller NPs were achieved for Pd/MWCNT-C3N4(x) 
catalysts, which exhibited very small Pd NPs, with an average NP size of ~ 2 nm. Such 
small and well-distributed NP achieved in the catalysts with MWCNT-C3N4(x) may be 
due to the presence of homogeneous domains of C3N4 on the surface of the MWCNTs, 
so that the nitrogen functional groups serve as more efficient anchoring points for the 
metal NPs than those nitrogen groups present on the pristine C3N4. In the case of 
pristine C3N4, its low surface area and efficient layer stacking make that a large amount 
of those N ligand sites are not available. This, in turns, suggests that the high external 
surface area of MWCNT and its 1D structure, plays a key role in offering a suitable 
platform for the distribution of C3N4, thus creating abundant and available anchoring 











Table 3. Pd content (wt. %), surface Pd content (at. %), and average NP size (nm) 
determined in the catalysts.  
Catalyst 
Pd loading 
(wt. %, ICP) 
Surface Pd 
(at. %, XPS) 




Pd/MWCNTs 0.82 0.19 4. ± 4 22.5 
Pd/MWCNT-C3N4(16) 0.70 0.24 1.6 ± 0.5 56.3 
Pd/MWCNT-C3N4(38) 0.69 0.47 2.2 ± 0.4 40.9 
Pd/MWCNT-C3N4(46) 0.75 1.34 2.3 ± 0.6 39.1 
Pd/MWCNT-C3N4(63) 0.78 2.03 2.4 ± 0.8 37.5 














Figure 3. TEM micrographs of Pd/MWCNT, Pd/C3N4, and Pd/MWCNT-C3N4(x) 












XPS analysis was performed to get information about the electronic properties of the 
different species (See Figure 4). N 1s XPS spectrum in g-C3N4 is characterized by three 
peaks that appeared at 398.4 eV for the nitrogen atoms in the triazine and heptazine 
rings (-C=N-C), 399.9 eV for tertiary nitrogen (N-(C)3), which are the central nitrogen 
atoms that link the triazine and heptazine units, and 400.8 eV for positively charged N 
species or quaternary N species [44,45]. Pd/MWCNT-C3N4(16)-(46) showed the same 
XPS spectra as Pd/C3N4, confirming the formation of C3N4 in the pertinent composite 
supports. However, the N spectrum of the catalyst with the largest proportion of C3N4 
(Pd/MWCNT-C3N4(63)) is different. It displayed the peaks associated with the nitrogen 
atoms in the triazine and heptazine rings, the tertiary nitrogen (N-(C)3) and the 
positively charged nitrogen species; however, a new peak located at 397.1 eV appears. 
Such low binding energy peak has been attributed to the presence of N species bonded 
to sp
3
 carbon in amorphous CN structures. It has been postulated that the lower binding 
energy of such species is due to the lone pair of electrons that screen the N 1s electrons, 
thus further reducing the N 1s energy [46]. This lone pair of electrons are not 
delocalized in the CN framework due to the N atom being bonded to sp
3
 C atoms. This 
is in good agreement with the C 1s XPS spectra of Pd/MWCNT-C3N4(63), in which a 
peak at 286.9 eV can be assigned to the presence of sp
3
 C-N species (See Figure S2) 
[47,48]. These observations might indicate that g-C3N4 has not been formed in 
MWCNT-C3N4(63) composite, but some amorphous CN structure might be present in 
that sample. This could be a consequence of the high amount of dicyandiamide that 
remains on the MWCNT in the first step of the composite preparation that impedes the 
adequate cyclization reactions necessary for C3N4 formation.  
Concerning the XPS spectra of Pd (Figure 4 (b)), a typical Pd 3d XPS spectrum 











(at lower binding energies) electron transitions, which can be deconvoluted into two 
different peaks attributed to the presence of Pd species with different electronic 
properties [49]. The Pd XPS spectrum of Pd/MWCNT and Pd/C3N4 display these 
typical signals, corresponding to the presence of Pd in metallic state and Pd
2+
. As can be 
observed, Pd species are mainly as Pd
2+
 in Pd/C3N4 compared to Pd/MWCNT, which 
may be related to the Pd-N interactions. It is well-known that the nitrogen groups 
present on the support are responsible for the Pd-N interaction, which leads to the 
stabilization of Pd
2+
 species, even after the utilization of a strong reduction agent during 
the preparation of the catalysts [50].  
As seen in Figure 4 (b), a new Pd species is observed in the Pd XPS spectra of 
Pd/MWCNT-C3N4 catalysts. In this case, three peaks for each electronic transition are 
distinguished: Pd in the metallic state (~ 335.9 eV), Pd
2+ 
(~ 337.4 eV), and a new 
species with a more deficient electronic density located at higher binding energies (~ 
338.7eV). The existence of such deficient electron density Pd species is attributed to the 
Pd
2+
-N interaction [35,37]. The shift observed in Pd spectra of Pd/MWCNT-C3N4(16)-
(38) compared to Pd/C3N4 can be related to an improved Pd-N interaction occurring 
because of the more efficient distribution of C3N4 layers on the MWCNT. Probably, a 
lower number of layer stacking in C3N4, due to its distribution on the MWCNT, 
improves the interaction between the N-containing ligands and the Pd species. Also, the 
smaller particles present in Pd/MWCNT-C3N4(16)-(38) catalysts could be responsible 
for the shift observed in Pd spectra.  
Interestingly, Pd/MWCNT-C3N4(63) shows a fourth contribution in the Pd 3d 
spectrum (Pd
δ-
). As observed, a new electron-rich Pd species (located at 334.3 eV) is 
distinguished in that catalyst, indicating that Pd has a different electronic environment. 











Pd/MWCNT-C3N4(63) and it might be due to the existence of C-N species which are 
different from g-C3N4 contained in the Pd/MWCNT-C3N4 with lower nitrogen contents. 
These observations are in agreement with the presence of amorphous C3N4 in the 
MWCNT-C3N4(63) sample.  
 
 
Figure 4. XPS spectra of (a) N 1s and (b) Pd 3d.  
 
The catalysts based on MWCNT-C3N4 composite supports with different 
composition and those supported on pristine MWCNTs and C3N4 were evaluated in the 
dehydrogenation of formic acid at 75 ºC. The gas evolution profiles are plotted in 
Figure 5 together with the initial TOF values (h
-1
) expressed as a function of the average 
NP size determined for each sample. The volume of gas corresponds to the production 
of H2 and CO2 generated from formic acid, according to the following reaction: 














Figure 5. (a) Gas evolution profiles achieved with Pd/MWCNT, Pd/C3N4, and the 
Pd/MWCNT-C3N4 catalysts; (b) Initial TOF values (h
-1
) calculated after 1 min of 












As can be seen in the results plotted in Figure 5, the catalytic activity strongly 
depended on the composition of the support. The enhancement observed in C3N4-
containing catalysts can be related to the basicity of the materials and their better 
dispersibility in the reaction solution as compared to Pd/MWCNT. None of the samples 
showed induction time and the generation of gas proceed smoothly with time at the 
beginning of the reaction. Those catalysts based on pure MWCNTs and C3N4 
(Pd/MWCNT and Pd/C3N4, respectively) displayed a poor or moderate activity, 
generating only 15.6 and 33.0 mL of gas after 30 min of reaction, respectively. 
However, the catalytic performance enhanced significantly upon using composite 
supports, and the generated gas increasing with the content of C3N4, producing 121 mL 
of gas after 30 min with Pd/MWCNT-C3N4(63). The better performance observed for 
Pd/MWCNT-C3N4 catalysts compared to Pd/MWCNT might be also related to the 
enrichment of the external surface of the composite supports with Pd (See Table 3).   
As for the initial TOF values, the same tendency was observed. Pd/MWCNT and 
Pd/C3N4 had initial TOF values (calculated based on the total Pd content) of 276 and 
261 h
-1
, respectively, but it increased significantly for those catalysts with composite 
supports, reaching a maximum of 1597 h
-1
 for Pd/MWCNT-C3N4(63). These 
observations indicated that the composition of the MWCNT-C3N4 support is a crucial 
aspect that serves to modulate the catalytic performance. As suggested by the results of 
Figure 5 (b), in the present catalytic system there is not a clear relationship between the 
catalytic activity and the average NP size, neither in terms of the total volume of gas 
generated nor in terms of the initial TOF value, but the smaller NPs observed in the 
Pd/MWCNT-C3N4 catalysts may contribute to the better activity of those samples 
compared to Pd/MWCNT and Pd/C3N4. However, very different results were achieved 











Pd/MWCNT-C3N4(63) had an average NP size of 2.2 and 2.4 nm, respectively, and they 
generated 53 and 121 mL of gas after 30 min of reaction, with an initial TOF of 656 and 
1597 h
-1
, respectively). That observation suggests that there might be some other 
important factors, such as the electronic properties of Pd species that also control the 
catalytic activity of the samples in the dehydrogenation of formic acid. The TOF value 
achieved by Pd/MWCNT-C3N4(63) (1597 h
-1
), is higher than that attained by other Pd-
based catalysts reported in other studies (Au3Pd1/C, 407.5 h
-1
 [51]; Pd/CN0.25, 752 h
-1
 
[52]; Pd/N-HTC (n.r.), 1214 h
-1
 [37]; Pd/NHPC-NH2, 1265 h
-1
 [53]; Pd/HTNC-950, 
1631 h
-1
 [54]; Au2Pd8/SBA-15-Amine, 1786 h
-1
 [55]; Pd/MSC-30, 2623 h
-1
 [56]; etc.).  
The improved performance achieved by Pd/MWCNT-C3N4 compared to 
Pd/MWCNT and Pd/C3N4 might be also related to the electronic properties of Pd species 
present in the samples. As discussed before, electron-deficient Pd species were detected 
in those catalysts based on composite supports. Such species have been shown to play 
an important role in the adsorption of formate ions on the surface of Pd NPs, which 
takes place in the first reaction step [14]. However, the much superior activity exhibited 
by Pd/MWCNT-C3N4(63) might be also related to the presence of a higher amount of 
electron-rich Pd species observed in that catalyst, which also contains Pd species with 
the highest electron density among the tested catalysts. It was postulated that such 
electron-rich Pd species participate in the second reaction step, which is the cleavage of 
the C-H bond of the adsorbed formate ion. Such a step is the rate-determining step 













Figure 6. Proposed reaction mechanism. 
 
Interestingly, the catalyst with the best activity (Pd/MWCNT-C3N4(63)), has an 
initial TOF value of 4258 h
-1
 calculated based on the surface Pd atoms, while it was 
calculated to be of 1227 and 1742 h
-1
 for Pd/MWCNT and Pd/C3N4, respectively. That 
value is higher than many of the Pd-based catalysts reported elsewhere for TOF values 
calculated considering only the surface atoms (Pd nanoparticles supported on a carbon 
black (Pd/C), TOF of 853 h
-1
 [58]; Pd nanoparticles encapsulated within carbon 
nanotubes (Pd-CNTs-in), TOF of 1185 h
-1
 [59]; Pd nanoparticles anchored on amino-
functionalized hierarchically porous carbon (Pd/NHPC-NH2), TOF of 3798 h
-1
 [53]; 
ultrafine trimetallic CoAuPd NPs with high content of Co immobilized on the pores of 
metal-organic frameworks MIL-101-NH2 (Co48Au5Pd47@MIL-101-NH2), TOF of 361 
h
-1















A series of Pd-based catalysts have been prepared on composite supports formed by 
MWCNTs and g-C3N4 with various composition. The resulting Pd/MWCNT-C3N4 
catalysts had a much smaller average NPs size than those supported on pure MWCNT 
and g-C3N4, which is attributed to the formation of C3N4 domains on the surface of 
MWCNT, thus serving as efficient anchoring sites for the metal NPs. It was observed 
that the composition of the MWCNT-C3N4 supports is also important to modulate the 
electronic properties of the supported Pd nanoparticles, thus creating Pd species with 
different environments.  
Pd/MWCNT-C3N4 catalysts were evaluated in the dehydrogenation of formic acid, 
showing improved performance compared to Pd/MWCNT and Pd/C3N4. It was 
observed that the final volume of gas generated increased with the C3N4 content. The 
enhanced catalytic performance achieved by Pd/MWCNT-C3N4 catalysts can be related 
to several factors, such as the control of the NP size, the modification of the electronic 
properties of the Pd species, the basicity of the materials and the better dispersibility of 
Pd/MWCNT-C3N4 catalysts in the reaction solution as compared to Pd/MWCNT. 
Among investigated, Pd/MWCNT-C3N4(63) was the most promising, with an initial 
TOF value of 1597 h
-1
, considering the total Pd content, and 4258 h
-1
 considering the 
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- Pd nanoparticles supported on MWCNT-C3N4 were evaluated in the FA 
dehydrogenation  
- The composition of the support controls the properties of the Pd NPs  
- High electron density Pd species are formed in Pd/MWCNT-C3N4 
catalysts  
- The catalyst with 63 wt.% of C3N4 had the best activity (TOF value of 
4258 h-1)  
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